Traditionally, a high-quality CdTe film can only be grown on a single crystal substrate with a small lattice mismatch. Herein, we report the epitaxy of CdTe films on monolayer single crystal graphene buffered amorphous SiO 2 /Si(100) substrates, despite a 86% lattice mismatch between CdTe(111) and graphene. Xray pole figure, electron backscatter diffraction mapping and transmission electron microscopy all confirm that the epitaxial CdTe films are composed of two domains: the primary and the S3 twin. The crystal quality of films is shown to improve as the post-deposition annealing temperature increases. However, the rotational misalignment in CdTe remains large even after annealing. Through density functional theory calculations on the charge transfer distribution at the interface of CdTe and graphene, it is found that the interface is dominated by the weak van der Waals interaction, which explains the large spread of in-plane orientation in CdTe films. Furthermore, the rotational misalignment in graphene itself is also confirmed to produce the large in-plane orientation spread in CdTe films. Although imperfect in epitaxy quality, this work demonstrates that monolayer single crystal graphene can buffer amorphous substrates for growing epitaxial films, and hence hints an opportunity for developing advanced thin film devices using graphene as a template.
Introduction
CdTe, a II-VI compound semiconductor, is an integral component of many important optoelectronic devices. Quality CdTe films are typically grown on single crystal substrates using heteroepitaxy mechanism, bearing on the desired lattice matching between films and substrates. Due to this restriction, limited choices of substrates can be utilized. Moreover, the strong chemical bonding at interfaces, especially in the case of large mismatched interfaces, could produce interfacial strain which propagates into the growing film. Beyond a critical film thickness, defects, such as dislocations, would be generated and thread into films, leaving deteriorated film quality.
Recently, there has been increasing interest in growing epitaxial films on substrates through van der Waals (vdW) interactions. In vdW epitaxy (vdWE) the requirement of lattice matching may be relieved since chemical bonding is not required at the interface [1] . As a result, the strain could be relaxed at the interface and the film becomes incommensurate [2] . There are many reports of vdWE of two-dimensional (2D) layered overlayers on 2D layered substrates [3e9] . On the other hand, the epitaxial growth of 3D semiconductor overlayers on 2D layered substrates, such as graphene, has been known challenging and less studied [10e14] .
Herein, using a two-step metalorganic chemical vapor deposition (MOCVD) method, we demonstrate the epitaxial growth of CdTe(111) films on monolayer single crystal graphene buffered amorphous SiO 2 /Si(100) substrates. In spite of a 86% (100%*(4.58-2.46) Å/2.46 Å) in-plane lattice mismatch between CdTe(111) and graphene, the epitaxial alignment of CdTe(111) (containing the primary and its twin domain) can be clearly observed. The single crystalline nature of CdTe films, composed of twin domains though, is in contrast to that in our previous study where multiple rotational domains in CdTe films were obtained on polycrystalline graphene [15] . Using density functional theory (DFT), we calculate the charge transfer distribution and interfacial interaction between CdTe(111) and graphene. The calculations reveal that the van der Waals force dominates at the interface.
Albeit the interaction coming out of graphene substrate is weak, the fact that graphene can promote epitaxial growth of 3D semiconductor films proves the sufficient strength of monolayer graphene, in spite of only one atomic layer thick, for ordering the atomic arrangement of "heavy" 3D materials. Also, the finding in this work brings second thoughts to the claim of total transparency of monolayer graphene. If truly totally transparent in graphene, the CdTe film growth would act as if on amorphous substrates and show no sign of epitaxy. For the technology point of view, the demonstration of epitaxy of traditional semiconductor thin films on graphene opens new avenue to novel optoelectronic devices. For example, single crystal CdTe is a desirable substrate for high-quality epitaxial Hg 1-x Cd x Te thin film used as infrared detectors [16] . The conventional strategy for this application is to use a heterojunction such as Hg 1-x Cd x Te/CdTe/GaAs or Hg 1-x Cd x Te/CdTe/Si. If graphene is chosen to replace GaAs or Si, the biggest appeal of this Hg 1-x Cd x Te/ CdTe/graphene heterojunction is that the Hg 1-x Cd x Te/CdTe layer can be transferred to the readout electronic wafer without the substrate, which thus significantly reduces undesired absorption of radiation by the GaAs or Si substrate.
Results and discussion
The single crystal graphene used in this work was synthesized on epitaxial Cu(111) films using a low pressure CVD method. The epitaxial Cu(111) films were firstly prepared by sputtering on csapphire and subsequently used as the catalyst for graphene growth at 1020 C. CH 4 (10 standard cubic centimeter per minute or sccm) and H 2 (35 sccm) in 200 sccm Ar carrier gas were used for the CVD reaction at a chamber pressure of~50 Torr. The graphene was transferred to SiO 2 /Si(100) substrates using a standard wet transfer process [17] . Details regarding graphene growth and transfer can be found in the supplementary data and elsewhere [18] . Fig. 1(a) shows an optical image of the graphene transferred onto a SiO 2 / Si(100) substrate. The uniform contrast suggests a large-scale homogeneity. The overlaying curve in Fig. 1(a) is a representative Raman spectrum of the graphene. The D, G and 2D peaks are observed around 1340, 1586 and 2674 cm
À1
, respectively. The intensity ratio of 2D to G in peak area,~3.8, implies the monolayer nature of graphene [19, 20] . The CdTe film, 750 nm thick, was grown on the graphene/SiO 2 /Si(100) substrate using a two-step MOCVD process. A~10 nm CdTe layer was firstly grown at 300 C substrate temperature for enhanced nucleation, followed by film deposition at 450 C substrate temperature. The post-deposition annealing was conducted in H 2 at 450, 550 and 650 C for 30, 20 and 20 min, respectively. Details of the film processing is described in the supplementary data. Figs. 1(bed) show the scanning electron microscopy (SEM) images of the CdTe films on graphene after annealing at 450, 550 and 650 C, respectively. The morphology of the as-grown CdTe film is similar to that of the 450 C annealed film and hence is not shown. As the annealing temperature increases, it is seen that the lateral feature sizes increase from sub-mm to several mm. These sizes are consistent with the electron backscatter diffraction (EBSD) data to be presented later. It should be noted that some areas in Fig. 2 [21, 22] . Raman spectra of films annealed at the other two conditions are similar. See Table S1 . In general, peak positions and full-width-at-the-halfmaximums (FWHMs) are comparable to those in the literature and suggest local order and stoichiometry of the CdTe films. A six-fold symmetry is observed. Theoretically, the (111) azimuthal scan of cubic CdTe should give rise to a three-fold symmetry. By azimuthal angle indicate two in-plane domains. The label T represents twin poles. Except for six poles identified above, there is no additional pole in Fig. 1 (h), different from our previous study in which a total of 12 poles, indicative of four in-plane domains, were observed at c~70.5 for a similar CdTe film grown on polycrystalline graphene [15] . This direct comparison suggests that the crystallinity of graphene (single crystal versus poly-crystal) strongly affects the domain structure of films grown atop.
To further examine the crystallographic orientation and the grain distribution, EBSD inverse pole figure (IPF) Z mapping of the CdTe film after annealing at 550 C is shown in Fig. 2(a) . The mapping shows a uniform [111] out-of-plane orientation across the scan area and two types of in-plane boundaries. The red curves represent twin boundaries (S3 coincidence site lattice boundary), and the black curves represent other grain boundaries. Figure 2(b) shows the histogram of grain boundary misorientation distribution.
There is a high total frequency (~80%) of orientation located at 0e2 and 58e60 , which is a measure of the abundant twin boundaries. There also exist low frequencies (~20%) of random grain boundary misoriented from~3 to~57 . Inset of Fig. 2(b) shows the corresponding EBSD pole figures of CdTe {111} with six symmetrical poles, consistent with the x-ray pole figure shown in Fig. 1(h) . The EBSD grain (twin grains mostly) size distribution (in area) is shown in Fig. 2(c) . For this 550 C annealed film, the majority of grains are characterized with a size less than 1 mm ( ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
). In summary, the EBSD data concludes that the film is composed of small grains, although collectively all grains are preferably aligned in the same out-of-plane and in-plane orientations. Fig. S2 displays the EBSD data of 450 and 650 C annealed films. The temperature dependent trend is found as the following: with increasing temperature, the percentage of randomly misoriented grains decreases and the grain size increases.
A CdTe film on graphene/SiO 2 /Si(100) with a reduced thickness (350 ± 50 nm) was prepared for TEM study. The growth condition for this film was the same as that for abovementioned samples, except this film was not annealed after deposition. Fig. 2(d) shows a high resolution TEM image of this sample. The SiO 2 shows the typical feature of an amorphous phase in contrast to the highly ordered CdTe film. From the line scan perpendicular to the interface, the average interlayer spacing of CdTe film is determined to be 3.74 Å, consistent with the CdTe bulk value of d 111 ¼ 3.74 Å (¼ 6.48/ ffiffiffi 3 p Å). This d 111 value also supports the conclusion from the XRD and EBSD measurements that the out-of-plane direction of the CdTe film is the [111] . The surface of SiO 2 is supposed to be smooth, but, when graphene is transferred on it, the graphene could produce wrinkles and folding. This explains why the interface between CdTe and SiO 2 is not atomically smooth like the original SiO 2 surface. The roughness of interface is about one to two interlayer d 111 of CdTe. Consequently, it is challenging to identify the exact location of graphene. If the supporting substrate for graphene is a single crystal, for example, when graphene is grown on single crystal Ru(0001) and then hosts subsequent growth of Ru clusters, both sides of graphene have the same and regular lattice. In that case, the graphene can be readily identified [23] . Unfortunately, it is not the case for this study. Nevertheless, it should be emphasized that graphene is expected to exist at the interface even though TEM imaging does not see it. Because, if there is no graphene, the CdTe film cannot grow in epitaxial format on the unbuffered amorphous SiO 2 surface. As clearly demonstrated in the XRD and EBSD pole figures, our CdTe films have preferred in-plane orientations, which must be the outcome of single crystal graphene buffering. Fig. 2(e) shows that at some sites CdTe nanoislands protrude from the CdTe side to the SiO 2 side. The nanoisland length parallel to the interface ranges from 5 to 20 nm and the thickness ranges from 5 to 10 nm. Most nanoislands have the (111) out-of-plane orientation. Since the graphene could not be identified, the cause of this protrusion is not clear. But it is speculated that the growth of CdTe nanoislands starts from the defected region of graphene, most likely in the format of multiatom vacancy [24] . Fig. 2(f) is a highresolution image of the CdTe film showing part of a primary CdTe grain, part of a twin grain and a twin boundary between them. Selected area electron diffraction pattern of the CdTe grain, shown in Fig. 2(g) , confirms that the CdTe film is single-crystalline-like epitaxial film. The unit mesh is highlighted in yellow dashed lines, and the zone axis is determined to be [011] . When the diffraction pattern is collected from the primary and twin region, the TEM pattern has the typical twin spots on both sides of twin axis [25, 26] .
Although preferred in-plane orientation of CdTe films on graphene is experimentally confirmed in this study, it is acknowledged that the epitaxy quality is poor, evident from the large dispersion of in-plane orientation and the small grain size in films. This observation is in sharp contrast to the epitaxy quality of CdTe films grown by MOCVD on mica that is also a 2D layered substrate [27] . In our previous work on the case of CdTe on mica, the dispersion of inplane orientation is smaller than 0.38 and the grain size is larger than 250 mm. DFT calculations reveal that chemical interaction and vdW interaction contribute~80% and~20% to the total interface energy, respectively, at the interface of CdTe and mica. The calculations reshape the understanding of mica as a pure vdW material, and we attribute the high quality of CdTe films on mica to the large chemical contribution at the interface. Herein, we seek to expand our understanding of CdTe-graphene interface using a similar DFT methodology.
According to our previous analysis, the epitaxial alignment between CdTe and graphene most likely has the following relationship: out-of-plane, CdTe (111) shown by the red dashed parallelograms in Fig. 3(a) . The supercell is selected as three-layer of 9 Â 9 CdTe sitting on monolayer of 10 Â 10 graphene, with about 3% compressive strain imposed on graphene. See Fig. 3(b) . The selection of this model is mainly based on following criteria: reducing the macro strain on graphene and meanwhile keeping the scale of supercell within the limit of DFT calculation. The monolayer graphene (including 600 C atoms) is fixed during the relaxation of three-layer of CdTe (including 243 Cd atoms and 243 Te atoms). CdTe lattices are allowed to relax until the forces on all relaxed atoms are less than 0.05 eV/Å. Although a relative large strain is imposed on graphene, the characteristics of the interface between graphene and CdTe could still be probed qualitatively. Fig. 3(c) shows the top-view of the CdTe (bottom layer shown only) on graphene after relaxation. Fig. 3(d) presents the corresponding charge transfer distribution between CdTe and graphene, which reflects a relative weak interfacial interaction between them. Next, the characteristics of the interfacial interactions between CdTe and graphene are further investigated by estimating the contribution of vdW interaction [28] . We first calculate the interfacial interaction including the nonlocal vdW interactions with the optB86b-vdW functional. Then, utilizing the same atomic structure, we calculate the interfacial interaction between CdTe and graphene with only the plain Perdew-BurkeErnzerhof functional. The former interfacial interaction including vdW interaction is found to be À26.3 meV/Å 2 , while the latter one without vdW interaction is 1.0 meV/Å 2 . The positive value indicates the stabilizations of the interfacial structure, and the interlayer distance totally arises from the contribution of vdW interaction. Therefore, the calculation indicates that graphene, unlike mica, can be declared as a vdW dominated material when used as a substrate to grow CdTe. This result is consistent with that reported by Xie et al. [29] . Using a similar charge transfer study at the interface, they also found that the bond strength at the interface of CdTeNbSe 2 is five times as large as that of the vdW interaction between CdTe-graphene. Note NbSe 2 is also a 2D material. Furthermore, a typical measure of the interaction strength between graphene and a material is the separation between them. Previous studies show that a separation distance around~2.1 Å between graphenematerial usually leads to a strong interaction at the interface, and the interaction strength diminishes as the separation increases and eventually minimizes at~3.3 Å, the vdW gap in graphite [30] . In the present DFT study, the relaxed distance between CdTe and graphene is 2.93 Å after a geometry optimization. We speculate that this distance is closer to the end for weak interaction strength, which is one of reasons that the interface between CdTe and graphene is weak. In summary, the interface energy between CdTe and graphene is mainly from the vdW interaction according to the DFT calculation, even though the CdTe is not a vdW material. We suspect that such a vdW interface interaction is too weak to fully order and register the domain alignment in the CdTe film. As a consequence, a large spread of the in-plane orientation is formed in the CdTe film. In addition to the weak interface interaction, the rotational misalignment of graphene itself can also lead to the in-plane rotational misalignment of CdTe, which is a straightforward passing effect from a substrate to an overlayer. The misalignment in graphene can be categorized in two types: transfer-induced and deposition-induced. We first consider the one post transfer to SiO 2 / Si(100), prior to CdTe deposition. To this end, a 2D reciprocal space mapping (RSM) method was previously developed based on reflection high-energy electron diffraction (RHEED) and is referred to herein to illustrate the rotational misalignment in graphene [18] . Fig. 4(a) shows a selected RHEED pattern of monolayer graphene as-grown on Cu(111). Three bright streaks in Fig. 4(a) correspond to (00), (21) and ð21Þ diffraction spots of graphene in the reciprocal space. To construct the RSM within the first Brillouin zone of graphene, a series of RHEED patterns were collected as the graphene was rotated azimuthally. Note, if the graphene is a single crystal, diffraction streaks can only be formed at certain azimuthal angles (F). In each RHEED pattern, the intensity profile along the yellow dashed line in Fig. 4(a) is extracted. All intensity profiles are then plotted as a function of F and a function of distance from the (00) spot to construct the RSM. Fig. 4(b) shows the RSM of the monolayer graphene as-grown on Cu(111). There are six distinct and symmetrical spots at a distance of 5. Apparently, the structural integrity of graphene experiences degradation during the wet transfer process, and we should expect the existence of rotational misalignment in graphene even before the deposition of CdTe. Note, the FWHM comparison in Fig. 4(d) is only a qualitative argument and the FWHM in Fig. 4(d) cannot be compared quantitatively to the counterpart in Fig. 1(g) , since different systems (XRD versus RHEED) have different instrument responses [31] . Next, we consider the rotational misalignment of graphene induced by the CdTe deposition. Fig. 4(e) shows the SEM image of CdTe on graphene/SiO 2 /Si(100) at the nucleation stage of the two- step MOCVD growth. CdTe nanoislands, mostly in triangular shape, are observed to align along two directions (60 twin to each other), labeled by the red dashed triangles in Fig. 4(e) . The alignment confirms the nature of epitaxy growth followed by the nucleation stage. Fig. 4(f) shows the Raman spectrum of graphene for this particular sample at the nucleation stage. Compared to the Raman spectrum in Fig. 1(a) , the significant bumping up and merging of D and G peaks in Fig. 4 (f) suggests a severe disordering in graphene [32] . It is therefore concluded that the nucleation of CdTe on graphene is accompanied by a structural alteration in graphene, which would translate into the dispersion of film's orientation as the depositoin continues beyond the nucleation stage.
Conclusions
In summary, we present the analysis of MOCVD grown epitaxial CdTe films on monolayer single crystal graphene buffered amorphous SiO 2 /Si(100) substrates. XRD shows that the CdTe films have the (111) out-of-plane orientation. X-ray azimuthal scan, x-ray pole figure and EBSD pole figure show that the CdTe films contain two in-plane domains: the primary and the twin. TEM investigation further confirms the single-crystalline characteristics of these CdTe films on graphene and the existence of twin domains in CdTe films.
Post-deposition annealing study shows that the higher annealing temperature, 550 C or higher, the better film quality in terms of inplane orientation. In general, however, the dispersion of in-plane orientation in all CdTe films is large. DFT calculations suggest that the interface energy between CdTe and graphene is dominated by vdW interaction, although CdTe is not a vdW material. The weak nature of interface energy is believed to be the main cause for the observed large in-plane dispersion in CdTe films. In addition, the rotational misalignment in graphene, including transferredinduced and deposition-induced, may also be responsible for the spread of in-plane alignment in the CdTe films. Nevertheless, our results demonstrate that epitaxial films of semiconductors can be achieved on amorphous substrates through a buffer of single crystal graphene, which sheds light on the pursuit of advanced optoelectronics.
